Avicins, a family of plant triterpene electrophiles, can trigger apoptosis-associated tumor cell death, and suppress chemicalinduced carcinogenesis by its anti-inflammatory, anti-mutagenic, and antioxidant properties. Here, we show that tumor cells treated with benzyloxycarbonylvalyl-alanyl-aspartic acid (O-methyl)-fluoro-methylketone, an apoptosis inhibitor, and Bax
Autophagy, an evolutionarily conserved process by which stressed cells catabolize their own contents including longlived proteins and cytoplasmic organelles to provide cellular energy and building blocks for biosynthesis, is one of the cellular mechanisms for maintenance of homeostasis. In addition to its basic role in the turnover of proteins and organelles, autophagy has multiple physiological and pathophysiological functions. [1] [2] [3] Autophagy takes place when cells encounter environmental stressors, such as nutrient starvation, change in cell volume, oxidative stress, accumulation of misfolded protein, hormonal signaling, irradiation, xenobiotic treatment, and pathogen infection and participates in tissue remodeling during development and differentiation and elimination of excessive or injured organelles and molecules. [1] [2] [3] [4] [5] Autophagy dysfunction is associated with several pathological conditions, such as hereditary myopathies, 6 retinal degeneration, 7 tumorigenesis, [8] [9] [10] and neurodegenerative disorders. 11 While the catabolic advantage of autophagy may be critical for organism survival during various stress conditions, autophagy may inhibit malignant transformation and tumor growth. 12 A correlation between reduced autophagy and cancer development has been documented for nearly two decades. 13 When baseline levels were compared, the amount of proteolysis or autophagic degradation in cancer cells was less than that of their normal counterparts. 14 Studies have shown that tamoxifen, temozolomide, rapamycin, PI-3K/PKB inhibitors, and HDAC inhibitors as well as irradiation all induce autophagic cell death in malignant cells. 14 These findings suggest that induction of autophagic cell death may provide an alternative therapeutic mechanism, in particular in apoptosis-resistant tumor cells.
We recently discovered a family of plant triterpene electrophiles, avicins (Supplementary Figure 1) , selectively inhibit growth in a wide variety of tumor cells. [15] [16] [17] Avicins activate the intrinsic caspase pathway to induce apoptosis by direct perturbation of mitochondria and by downregulation of Bcl2 family prosurvival, antiapoptotic proteins that function downstream of cytochrome c release from mitochondria. [15] [16] [17] [18] In addition to the cytotoxic properties, avicins also demonstrate cytoprotective effects in non-transformed cells by the activation of Nrf-2 and its downstream targets. 19 These studies indicate that avicins are multi-functional compounds, which may play a role in the maintenance of cellular homeostasis.
One of the most significant roles that avicins play in tumor suppression is in disrupting mitochondrial metabolism, causing intracellular energy crisis. Avicins increase mitochondrial outer membrane permeability, and decrease oxygen consumption. 15, 19 Since autophagy is a common response to nutrient starvation and mitochondrial dysfunction, 20, 21 we reasoned that avicins may induce autophagy and/or autophagic cell death by interfering with cellular bioenergetics. We demonstrate that avicins can trigger caspase-independent autophagic cell death by the regulation of AMP-activated protein kinase (AMPK)-tuberous sclerosis complex 2 (TSC2)-mammalian target of rapamycin (mTOR) pathway, implicating the potential use of avicins in apoptosis-resistant cancers. Thus, avicins could serve as an important new chemical template for the treatment and/or prevention of cancer.
Results
Avicin D induces non-apoptotic cell death. To test whether avicins can induce non-apoptotic cell death, human osteosarcoma cells (U2OS) were treated with benzyloxycarbonylvalyl-alanyl-aspartic acid (O-methyl)-fluoromethylketone (zVAD-fmk), a pan-apoptotic inhibitor, before incubation with avicin D (one of the avicin isoforms). Consistent with previous reports, avicin D induced the activation of caspase-7 and -8 ( Figure 1a and b) . The activation was reduced significantly by pretreatment with zVAD-fmk (Figure 1a and b) . However, the cells treated with avicin D in the presence of zVAD-fmk for up to 48 h still underwent cell death (Figure 1c and d) although the extent of cell death in zVAD-fmk-treated cells was less than that observed in the cells treated with avicin D alone (Figure 1c ). After the treatment of avicin D, the cells became rounded, irregular and then ballooned (data not shown). Taken together, these data suggest that avicin D can induce nonapoptotic cell death.
Avicin D induces autophagy. Since autophagic cell death is an important type of non-apoptotic cell death, we asked whether avicin D-induced non-apoptotic cell death could result from autophagy. To visualize autophagy, U2OS/GFPlight-chain 3 (LC3), a stable cell line expressing green fluorescent protein (GFP)-tagged LC3 was established. During the autophagic process, LC3 is concentrated in autophagosomes forming cytosolic punctate fluorescence, which serves as an indicator of autophagy. 22, 23 As shown in Figure 2a a redistribution of GFP-LC3 from diffuse cytoplasmic location in untreated cells to discrete vesicular structures (punctate fluorescence) upon avicin D treatment was observed. The punctate GFP-LC3 fluorescence was induced as early as 2 h after avicin D treatment (Supplementary Figure 2) . The number of the cells with punctate GFP-LC3 fluorescence increased in a timedependent manner following the addition of avicin D (Figure 2b ). zVAD-fmk itself induced very few punctate GFP-LC3 fluorescent vesicles (Figure 2a and b) . This redistribution was confirmed biochemically by western blot analysis of LC3. Intracellular LC3 of avicin D-treated cells underwent a conversion from the LC3-I isoform to the LC3-II isoform, which is specific for autophagosomes (Figure 2c ). 4 Electron microscopy of avicin D-treated U2OS cells showed the formation of double-or multi-membrane-bound structures containing recognizable cellular organelles and high electrondensity substance characteristic of autophagosomes and autolysosomes ( Figure 2d, Supplementary Figure 3) . In contrast, the majority of the nuclei remained to normal appearance in avicin D-and zVAD-fmk-treated cells, and neither chromatin condensation nor nuclear fragmentation was observed, confirming the absence of apoptotic cell death (Figure 2d ).
To determine whether avicin D-induced autophagy is generalizable, we transfected GFP-LC3 into several other cell lines, MDA-MB-231, T47D (human breast cancer cell lines), A549 (human alveolar epithelial cancer cell line), SKOV3 (ovarian cancer cell line), and PC3 (prostate cancer cell line) and exposed these cells to 50 mM zVAD-fmk and 2 mg/ml avicin D for 24 h. Consistent with the findings in U2OS cells, the diffuse GFP fluorescence was observed in control and zVAD-fmk-treated alone cells (Supplementary Figure 4) . Taken together, these data strongly suggest that avicin D-induced non-apoptotic cell death is associated with autophagic process.
Avicin D induces autophagic cell death in Bax
cells. To further demonstrate that avicin D induces apoptosis-independent cell death, we used an immortalized interleukin-3 (IL-3)-dependent cell line derived from bone marrow cells of Bax
Bak À/À mice. These cells failed to undergo apoptosis in response to various apoptotic stimuli including avicin D (data not shown). 4 However, cell death was markedly increased and cell viability was reduced after treatment with avicin D, and much of the effect was abrogated by the addition of CQ (Figure 3g ). These results provide further evidence that avicin D can induce nonapoptotic cell death in apoptosis-resistant cells.
Avicin D-induced cell energy deficiency contributes to autophagy. To determine whether avicin D directly affects the expression of autophagy-associated genes, we first examined the expression of Beclin 1. As shown in Figure 4a , U2OS/GFP-LC3 cells treated with avicin D and/ or zVAD-fmk, showed no accumulation of Beclin 1. Similarly, no changes were seen in the levels of Atg5 and Atg7 proteins (Figure 3e and f) . Avicin D has been previously shown to inhibit the activation of Akt, 16 a pivotal prosurvival and pro-oncogenic protein that is activated by serine and threonine phosphorylation. 24 Akt is believed to contribute to the activation of mTOR, which is a crucial autophagy regulator, 24, 25 either directly or indirectly through phosphorylation and suppression of TSC2. To evaluate the role of Akt in avicin-induced autophagy, we cotransfected Akt dominant active expression plasmid (PKB   DD   ) with GFP-LC3. The number of cells with punctate GFP-LC3 fluorescence were comparable between PKB DD and vectortransfected cells after avicin D treatment (Figure 4b-d) . Thus, constitutive activation of Akt did not block avicin D-mediated autophagy.
Amino acid deficiency or aberrant metabolism is one of the most common stimuli that induce autophagy. To address if impaired amino acid uptake contributed to avicin D-induced autophagy, we stained the cells with anti-4F2hc antibody. 4F2hc (type II glycosylated integral membrane protein 4F2 heavy chain) mediates neutral amino acid transport through its dimerizing with 4F2 light chain (4F2 lc). 4F2hc may also participate in intracellular amino acid trafficking. 26 Immunofluorescence staining showed that avicin D did not affect the location of 4F2hc, which was chiefly membrane and cytoplasmic in cells cultured in amino acid-containing medium (Figure 4e) . On the contrary, depletion of amino acids triggered the translocation of 4F2hc to the nucleus within 20 min (Figure 4e) . To exclude the possibility that avicin D may affect amino acid transport via 4F2hc independent mechanisms, amino acid uptake assays were performed. Only marginal decrease in the amino acid uptake kinetics was detected in the presence of avicin D for up to 24 h (Figure 4f) . These results indicate that avicin D-associated autophagic cell death was not due to the deregulation of amino acids.
We have demonstrated that avicins perturb mitochondrial function, and disrupt the integrity of mitochondria. 15 Mitochondria provide the cell with energy, which is an important determinant for autophagy formation. 20, 21 Thus, avicin D might induce autophagy by affecting cellular bioenergetics. To test this possibility, we monitored changes in cellular ATP levels in response to avicin D. U2OS cells treated with avicin D showed a significant time-dependent decrease in the levels of ATP (Figure 4g ), thereby suggesting that cellular energy depletion could be responsible for avicin-induced autophagy. Therefore, we next determined whether the depletion of ATP production in avicin-treated cells could be reversed by pretreating cells with a cell-permeable form of pyruvate, methylpyruvate (MP), which can be oxidized in the tricarboxylic acid cycle to produce NADH that fuels the electron transport and ATP production.
3,4 MP restored ATP production in avicin D-treated cells to levels that were close to those observed in untreated cells (Supplementary Figure 6a) . MP suppressed the avicin D-induced cell death (Supplementary Figure 6b) and increased the viability of avicin D-treated cells (Supplementary Figure 6c) . The development of autophagosomes/autolysosomes was inhibited after addition of MP (Supplementary Figure 6d) . Collectively, our data indicate that avicin D-induced disruption of cellular bioenergetics contributes to autophagy formation and mediates non-apoptotic cell death.
Avicin D induces autophagy via the activation of AMPK. On the basis of previous finding that lowered levels of ATP might contribute to avicin D-mediated autophagy, we measured the phosphorylation of AMPK. AMPK is activated as intracellular AMP/ATP ratios rise. [27] [28] [29] Avicin D treatment caused a significant increase of AMPK phosphorylation at Thr-172 (Figure 5a, Supplementary Figure 7) . Phospho-AMPK Thr-172 phosphorylates and activates TSC2, further inhibiting the activation of their downstream targets, such as mTOR and S6. 27, 28 Phosphorylation of mTOR and S6 proteins was substantially decreased in avicin D-treated cells (Figure 5a ). To address whether AMPK activation plays an essential role in avicin D-induced autophagy formation, we determined the ability of avicin D to induce autophagy in AMPK suppressed cells by (a) treating the cells with an AMPK inhibitor (compound C) 30 and (b) transfecting the cells with dominant-negative AMPK. 31 Compound C inhibited avicin-induced phosphorylation of AMPK and cell autophagy (Figure 5a and b) , attenuated avicin D-triggered cell death (Figure 5c) , and improved the cell viability of avicin D-treated cells (Figure 5d ). To further confirm the role of AMPK in avicin D-induced autophagy, we constructed a stable cell line, U2OS/AMPK-DN, which express dominantnegative AMPK. The degree of autophagy in U2OS/AMPK-DN cells was about 50% of that in parental U2OS cells treated with avicin D (data not shown). Cell death induced by avicin D was significantly inhibited in U2OS/AMPK-DN cells (Figure 5e ), and the cell viability was increased after avicin D treatment in these cells (Figure 5f ). These data indicate that AMPK or its downstream targets are important mediators of avicin D-induced autophagic cell death.
Knock down of TSC2 suppresses avicin D-induced autophagic cell death. To elucidate the role of AMPK-TSC2-mTOR pathway in avicin D-induced autophagic cell death, the effects of TSC2 depletion by gene silencing were investigated. Small RNAi targeting TSC2 significantly reduced endogenous expression of TSC2 and reversed the inhibitory effect of avicin D on mTOR and S6 phosphorylation (Figure 6a ). In contrast, as expected, AMPK and its upstream kinase, LKB1, were not affected by TSC2 RNAi (Figure 6a ). During avicin D treatment a large fraction of the TSC2-silenced cells appeared healthy and the formation of autophagosomes was markedly suppressed (Figure 6b and c). The majority of the cells remained viable irrespective of the addition of avicin D (Figure 6d and e) . In contrast, TSC2 silencing did not block the ability of rapamycin, an inhibitor of mTOR to induce autophagy (Figure 6b-e) . Taken together, these data strongly support the hypothesis that AMPK-TSC2-mTOR pathway activation plays an important role in avicin D-induced autophagic cell death.
Discussion
The emerging recognition of the intersection of metabolic stress, inflammation and cancer has stimulated a search for compounds that can re-establish metabolic homeostasis. In the present study, we demonstrate that avicin D induces cell autophagy, a pathway by which energy-demanding cells can be eliminated, thereby reducing organical stress. 32, 33 We demonstrated that avicin D induced a caspase-independent autophagic cell death, which could be suppressed by CQ and knockdown of Atg5 and Atg7. We showed evidence that avicin D decreased ATP levels resulting in the activation of AMPK, one of the key mediators of autophagy presumably through altered ATP/AMP ratios. 31, 34 Furthermore, we showed that inhibition of AMPK activity either by compound C or by a dominant-negative form of AMPK significantly reduced avicin D-induced autophagic cell death. Knockdown of TSC2, a downstream target of AMPK, also abrogated the effect of avicin D on autophagy. In addition, application of avicin D to mice exposed to DMBA significantly decreased the expression of phospho-mTOR and increased autophagosome formation (data not shown). These observations clearly demonstrate that avicins can induce autophagic cell death by regulation of AMPK-TSC2-mTOR pathway and suggest that this may contribute to antitumor activity (Figure 6f ).
Of note, neither CQ nor Atg5 and Atg7 depletion can completely abrogate the effect of avicin D on cell death, consistent with the ability of avicins to induce apoptotic cell death as we reported previously. [15] [16] [17] [18] Interestingly, less cell death was observed in CQ-treated or Atg depleted U2OS cells than in cells treated with compound C, although all blocked autophagy efficiently. Therefore, in contrast to the role of the AMPK pathway in mediating avicin D-induced autophagy, AMPK activation may also provide a protection against apoptosis. 34 Autophagy is induced with metabolic energetic stress. In common species, for example, yeast, flies, plants, and worms, autophagy is primarily an adaptive survival response to food deprivation. Humans, too, have evolved molecular mechanism to maintain homeostasis during cellular metabolic stress. The initial sensor of cellular bioenergetic crisis is AMPK. 34, 35 Its downstream target, mTOR integrates signals from nutrients as well as growth factors to control cell growth. Thus, mTOR acts as a metabolic rheostat controlling protein synthesis during cellular stress. Autophagy mediating catabolism of intracellular contents can maintain cellular bioenergetics during metabolic stress. The evolutionary role of autophagy is to facilitate cell survival during energy-deprivation states. The emergence of a cytotoxic function, primarily for energy-consuming tumor cells, probably evolved layered on top of the survival function.
The role of autophagy in tumorigenesis and tumor suppression is not completely clear. Generally, autophagy degrades long-lived proteins and organelles as an adaptive response to nutrient deprivation and other forms of cellular stress. Therefore, macromolecules and damaged organelles can be re-cycled or removed. 9, 11, 36 It is thought that autophagy decreases the mutation rate and suppresses oncogenesis by eliminating damaged organelles that produce genotoxic stresses such as free radicals. On the other hand, in well-developed solid tumors, cancer cells at the center of a mass are poorly vascularized, hypoxic, and likely under decreased extracelluar glucose, amino acid, and fatty acid levels.
14 The induction of autophagy may allow the stressed cells to survive in the tumor microenvironment. 10, 14, 37 However, if levels of autophagy are induced beyond a physiological range, the autophagy pathway can contribute to cell death.
14 Consistent with this idea, many cancer cells might have lost the ability to undergo this form of non-apoptotic death as a growth advantage. Breast, ovarian, and prostate cancer cells frequently delete one allele of beclin 1, a mammalian homologue of yeast Atg6, which plays an important role in the induction of autophagy in response to starvation. Beclin 1 þ /À mice showed an increased incidence of bronchial carcinoma, hepatocellular carcinoma, and B-cell lymphomas. 12, 36 Ectopic expression of beclin 1 and/or its binding protein UVRAG (UV-irradiation resistance-associated gene) induced caspase-independent autophagic cell death, further proving the role of autophagy in non-apoptotic programmed cell death. 12, 36, 38 Most, if not all, radiation-and chemotherapy-resistant cancers have apoptotic defects. In particular, the mitochondria/cytochrome c pathway of apoptosis is frequently deregulated in human cancer tissues. 14, 39 For example, Bax/Bak expression is severely attenuated in many malignancies, and antiapoptotic members of the Bcl-2 family are upregulated in a variety of human cancers.
2,39 Our work shows that even when Bax/Bak gene is deleted or caspases are inhibited, avicins can still trigger caspase-independent cell death via autophagy, suggesting potential therapeutic activity of avicins in apoptosis-resistant cancers. A recent report showed that Bcl-2 bound and interacted with Beclin 1, and inhibited Beclin1-induced cellular autophagy in response to nutrient deprivation or other specific autophagy stimuli, 36 raising the possibility that Bcl-2 family members may function as oncogenes, not only by blocking apoptosis but also by blocking autophagy. 36, 39 Importantly, avicin D treatment dramatically downregulates Bcl-2 expression (Our unpublished data), adding additional support to avicin-induced autophagy formation.
Taken together, these data, combined with our published reports 15, 19 suggest that avicins can induce not only apoptotic cell death, but also autophagic programmed cell death by depletion of cell energy supply. Most importantly, our results show that even when proapoptotic genes are deleted or caspases are inhibited, avicins can still trigger cell death, implicating the potential therapeutic application of avicins in apoptosis-resistant cancers.
Materials and Methods
Antibodies and chemicals. Antibodies against caspase-7 and 4F2hc were purchased from BD Pharmingen (San Diego, CA, USA). Antibodies against Akt, Akt-S473, S6, S6-S235/236, mTOR, mTOR-S2448, AMPK, AMPK-T172, and TSC2 were purchased from Cell Signaling (Beverly, MA, USA). Anti-LKB1 was from Abcam Inc. (Cambridge, MA). Anti-Atg5 antibody was purchased from ProteinTech Group Inc. (Chicago, IL, USA). Anti-Atg7 antibody was purchased from Abgent Inc.
(San Diego, CA, USA). Anti-beclin 1 polyclonal antibody was purchased from Novus Biologicals Inc. (Littleton, CO, USA). Anti-GFP and anti-a-tubulin monoclonal antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. MP and CQ were purchased from Sigma-Aldrich. zVAD-fmk was purchased from Biomol International (Plymouth Meeting, PA, USA). Avicin D and avicin G were purified from Acacia victoriae root extracts as described previously. 18 Compound C was provided by Merck & Co. Inc. (Rahway, NJ, USA). 30 Rapamycin was purchased from Cell Signaling.
Cell lines and DNA transfection. A549, SKOV3, PC3, and U2OS were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) in a humidified incubator containing 5% CO 2 at 371C. MDA-MB-231 and T47D human breast cancer cell lines were grown in medium RPMI-1640 with 10% FBS. Immortalized IL-3-dependent mouse Bax À/À Bak À/À cells, kindly provided by Dr. Craig B Thompson, were cultured as described previously. 4 To establish U2OS/GFP-LC3 and U2OS/AMPK-DN stable cell lines, proliferating U2OS cells were transfected with GFP-LC3 or AMPK-DN plasmid. Forty-eight hours post-transfection, positive stable clones were selected by growing the cells with G418 (800 mg/ml) for 2 weeks.
SiRNA. A pool of four siRNA duplexes targeting human TSC2, Atg5, Atg7, and a non-targeting siRNA pool were purchased from Dharmacon Inc. (Lafayette, CO, USA), and transfection was performed according to the manufacturers protocol.
Measurement of ATP. ATP levels were measured using Bioluminescence Assay Kit CLS II from Roche Scientific (Indianapolis, IN, USA), as per the manufacturers protocol.
Caspase-8 activity assay. Caspase-8 activity was measured by a caspase-8 assay kit from Promega Corp. (Madison, WI, USA) according to the manufacturers protocol.
Cell viability and cell death assay. Cell viability was measured by a CellTiter-Glo Luminescent Cell Viability Assay kit from Promega Corp., as per the manufacturer's protocol. Cell death was measured by Trypan blue (Sigma-Aldrich)-exclusion assay.
Amino acid uptake assays. Amino-acid uptake in U2OS cells was performed as described previously with minor modifications. 40 Briefly, U2OS cells were grown to 80% confluence in six-well plates in DMEM supplemented with 10% FBS. Cells were treated with avicin D for 0-24 h. Thereafter, cells were washed two times with PBS followed by two washes with Krebs-Ringer buffer (KRB) and incubated in KRB for 30 min at 371C. About 1 mCi of tritiated amino-acid mixture ([ 3 H] amino acids, 1 mCi/ml : TRK 440, Amersham Biosciences) was added to each well and the uptake was performed for 5 min at 371C. The uptake was stopped by washing the cells three times with ice-cold PBS. The cells were harvested under cold conditions, lysed in a buffer containing 0.5% NP-40 and the radioactivity incorporated was measured using Beckman Scintillation counter using CytoScint medium (ICN). The clear lysate was used to measure the protein content (Bio-Rad) to normalize the amino-acid uptake to the protein content.
Immunofluorescence and fluorescence microscope. The cells were grown in six-well plates with cover slides and fixed in cold 4% neutral paraformaldehyde in PBS for 30 min on ice, washed in PBS, permeabilized in a 1% Triton X-100/0.5% NP-40/PBS, and blocked in 1% bovine serum albumin in PBS. Incubation with a primary antibody was carried out for 2 h at room temperature. Incubation with a secondary antibody was carried out for 1 h at room temperature followed by staining of DNA with 4,6-diamidino-2-phenylindole for 5-10 min. Slides were mounted with Vectashield antifade medium (Vector Laboratories) after three washes with washing buffer and examined under NIKON ECLIPSE TE2000-E fluorescence microscope. The location and distribution of GFP-LC3 staining was examined directly as described previously 22, 23 using a NIKON ECLIPSE TE2000-E fluorescence microscope.
Immunoblotting. Cell lysis and immunoblotting were performed as described previously. 17 A total of 50 mg protein was used for the immunoblotting, unless otherwise indicated. a-Tubulin was used for the loading control.
Electron microscopy. Cells were fixed with 2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), followed by 1% OsO 4 . After dehydration, thin sections were stained with uranyl acetate and lead citrate for observation under a JEM 100 CX electron microscope. 4 
